Abstract. We investigate phenomenological interactions between dark matter and dark energy and constrain these models by employing the most recent cosmological data including the cosmic microwave background radiation anisotropies from Planck 2015, Type Ia supernovae, baryon acoustic oscillations, the Hubble constant and redshift-space distortions. We find that the interaction in the dark sector parameterized as an energy transfer from dark matter to dark energy is strongly suppressed by the whole updated cosmological data. On the other hand, an interaction between dark sectors with the energy flow from dark energy to dark matter is proved in better agreement with the available cosmological observations. This coupling between dark sectors is needed to alleviate the coincidence problem.
Introduction
Cosmology is one of the fields of science with the quickest development today, especially concerning observations. The cosmological data from different observations have been rapidly updating in the past decade, not only in numbers but also in their quality. This allows the derivation of more reliable scientific results and tighter constraints on theoretical models in cosmology. The whole available host of updated cosmological data includes those from geometrical measurements of the universe such as the measurement of the Hubble constant (H 0 ), the luminosity distances of Type Ia supernovae (SNIa) and the pattern of baryon acoustic oscillations (BAO) imprinted in the galaxy distribution, and also the temperature of photons from the cosmic microwave background (CMB) and observations of the large-scale structure (LSS).
Recently, Planck Collaboration released their most recent results on the CMB anisotropies [1] . These data provide the utmost observations on temperature and polarization of the photons from the last scattering surface at redshift around z = 1090. Comparing with Planck 2013 data, significant improvements have been made in reducing systematic errors in the new data and the overall level of confidence has been significantly increased. One of the most notable improvements in the Planck 2015 data set is that its residual systematics in polarization maps have been dramatically reduced compared to 2013, and its agreement to WMAP is within a few tenths of a percent on angular scales from the dipole to the first acoustic peak [1] . The 2015 Planck results make important contributions in a variety of theoretical analyses in cosmology and contain smaller uncertainties compared with those determined in 2013 results. However areas that were in tension in 2013 with other astrophysical data sets [2] , such as the abundance of clusters of galaxies, weak gravitational lensing of galaxies or cosmic shear, distances measured with BAO using Lyman-α forest at high-z and the determination of the Hubble constant with the Hubble Space Telescope (HST) [3, 4] have been confirmed to still remain in tension today, although the disagreement is lessened in some cases. If these tensions are not related to systematics, they can point out to physics beyond the standard model.
Another observable, which is worthy of mentioning, is the redshift-space distortion (RSD). It has been measured more and more precise in the past few years. This observable is a key signature to disclose the large scale structure, which is believed as a powerful complementary observation to break the possible degeneracy in cosmological models. This is because the dynamical growth history in the cosmological structure can be distinct even if they undergo similar evolution in the background. A lot of measurements on the RSD have been reported, see for example [5] [6] [7] [8] [9] [10] [11] [12] [13] . It is expected that including the large scale structure information by adding the RSD measurements can provide a rich harvest from complementary data sets and obtain tight constrains on theoretical models covering a greater range of cosmology.
In this paper we will employ such great amount of precise new cosmological data to test the interaction models in the universe between dark matter and dark energy. It is well known that our universe is undergoing an accelerated expansion driven by a mysterious dark energy occupying nearly 70% of the energy content of the universe. The galaxies and other large scale structures distributed in our universe are created by dark matter component which occupies 25% of the energy budget of the universe. Considering that dark energy and dark matter dominate the energy content of the universe today, it is reasonable to assume that these dark components can interact between themselves. A dark matter and dark energy interaction is an attractive theoretical model, since it can allow solutions with a constant ratio between energy densities of dark matter and dark energy at late times, which can help to alleviate the coincidence problem in the concordance cosmological model. For a review on theoretical challenges, cosmological implications and observational signatures on interactions between dark sectors can be referred to [14] and references therein.
Since the lack of information on the nature and dynamics of dark matter and dark energy, it is difficult to describe these components from first principles. This makes it hard to describe the interaction between them from a fundamental theory. The interaction between dark sectors is usually described phenomenologically by assuming that the interaction only represents a small correction to the evolution history of the Universe. Similar to how interactions behave in particle physics, one expects the coupling kernel between dark sectors to be a function of the energy densities involving dark energy, dark matter and of time. In Table 1 we present the phenomenological models that have been commonly considered. These models have been confronted with different observational data sets, such as CMB data on temperature and polarization power spectra from WMAP5 [15] , WMAP7 [16] and Planck 2013 [17, 18] , together with other different external observational data. Recently the new Planck 2015 data have also been used to constrain one of the phenomenological interacting models with the kernel of the interaction in proportional to the energy density of dark energy only [19] . In addition to the phenomenological models of the interaction between dark sectors, some attempts on describing the coupling in a field theory have been studied, see for example [20] and other related references in the review [14] . Besides the data related to the universe expansion history and CMB, the observational data on the large scale structure such as the RSD data sets have also been employed in constraining the interaction models. In combining with the Planck 2013, it was argued that the RSD data can rule out a large interaction rate in 1σ region [21, 22] . More complete references on testing the interaction models between dark sectors with different observational data sets can be found in the recent review [14] .
The main motivation of the present paper is to confront the phenomenological interacting dark energy models to a whole host of updated cosmological data, including the Planck 2015 result, the new RSD data together with other different external data sets. We are going to check the consistency of the constraints on the model parameters obtained from Planck 2013 results and examine the effectiveness of increasing the confidence level and tightening the constraints on model parameters by including the complementary observables such as RSD and other external data sets. We hope that the updated precise data can help to improve limits on the interaction between dark sectors.
Weak lensing is also sensitive to the amount of dark matter and could be used to constrain coupled dark energy models. However, in the current state-of-art, weak lensing measurement has a number of its own problems, therefore one cannot yet draw conclusive results from lensing observations. There are some issues concerning their systematic uncertainties in both their measurement and the modelling of physics (such as intrinsic alignment, baryonic effects on density evolution, nonlinear evolution of the dark matter field) that need to be better understood [23] [24] [25] . Despite of those problems, there are some efforts to constrain coupled dark energy models using weak lensing [26] . In this work we will not consider weak lensing data.
The organization of the paper is as follows. In section 2, we review the evolution description of the background dynamics and the linear perturbation when there is interaction between dark sectors. In section 3, we introduce the observational data that we are going to use and the methods for data analysis. In the following section we report the main results by confronting our models to observational data and we discuss and compare with the results obtained in previous works. Finally, in section 5 we present our conclusions and discussions.
Phenomenological interacting dark energy models
We consider a cosmological model with an interaction between dark matter and dark energy. In this model, the conservation of the energy-momentum tensor for dark matter or dark energy satisfies respectively
where (l) represents either dark matter with the subscript (c), or dark energy with the subscript (d). The presence of the term Q ν (l) implies that these components are not conserved independently, and there is an energy-momentum flux between them. However, the Bianchi identity requires that the energy-momentum tensor of the total dark sectors still satisfy the conservation law, such that Q ν (c) = −Q ν (d) . We assume that the universe is described by a flat Friedmann-Lemaitre-RobertsonWalker (FLRW) metric with small perturbations over a smooth background. Thus, the line element is given by
where
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The function a = a(η) is the scale factor of the universe and η is the conformal time. ψ, B, φ and E are functions of space and time describing small deviations from the homogeneous and isotropic universe. Actually, we are only considering scalar perturbations, but, at the linear perturbation level, all other modes decouple and scalar perturbations are responsible for the structure formation. The matter content is identified with the energy-momentum tensor of a perfect fluid,
where, for each species, the energy density is written as ρ(η, x, y, z) = ρ(η)[1+δ(η, x, y, z)], the pressure is P (η, x, y, z) = P (η) + δP (η, x, y, z) and the four-velocity vector is
). Thus, we have split the components of the energy-momentum tensor into background quantities and small perturbations. Combining the conservation equation (2.1) with the line element (2.2) and the energy-momentum tensor (2.4), we obtain, at the background level, the continuity equationsρ
In these equations, H is the Hubble parameter expressed in conformal time, H ≡ȧ/a = aH, and the dot represents the derivative with respect to the conformal time. ω = P d /ρ d is the equation of state of dark energy and Q is the energy transfer in cosmic time coordinates, which will be written as Q = 3H(λ 1 ρ c + λ 2 ρ d ). Table 1 shows the phenomenological models we are going to investigate. The inequalities are the stability conditions for the models [27, 28] . 
Taking into account the first-order perturbation equations, the energy-momentum conservation in the synchronous gauge yields [17] 
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where v (l) is the peculiar velocity of the (l) component and h = 6φ is the synchronous gauge metric perturbation. We have defined r ≡ ρ c /ρ d , c e is the effective sound speed and c a is the adiabatic sound speed for the dark energy fluid at the rest frame.
Cosmological data sets
In order to confront our interacting models described in the previous section to the observational data, we will employ the Bayesian statistics. We implement the background dynamics and linear perturbation equations of the theoretical model into the CAMB code [29] and derive the theoretical predictions. On the other hand, we use the CosmoMC code [30, 31] to estimate the parameters that best describe the observational data.
We use the most recent results of CMB anisotropies from Planck 2015 [1] . In our analysis we take the data for the low-l (l = 2 − 29) temperature and polarization spectrum (TT, TE, EE, BB), combined with the high-l TT, TE and EE CMB data in the range l = 30 − 2508 for TT and l = 30 − 1996 for TE and EE. In addition to the CMB data, we also consider BAO measurements. We combine four different BAO measurements: the 6dFGS at effective redshift z ef f = 0.106 [32] , the SDSS-MGS at effective redshift z ef f = 0.15 [33] , the BOSS-LOWZ at effective redshift z ef f = 0.32 and the CMASS-DR11 at effective redshift z ef f = 0.57 [34] . We further employ Type Ia supernovae data to better constrain the parameters of our interacting models. For the SNIa data we consider the "Joint Light-curve Analysis" (JLA) [35] , which is a combination of SNLS and SDSS together with several samples of low redshift supernovae. Furthermore, we include a conservative gaussian prior for H 0 based in recent results [36] H 0 = 70.6 ± 3.3 km s
The distances to galaxies are usually inferred through their redshifts. This induces an error on the distances since the redshift is also affected by the peculiar motions of galaxies. Thus, such peculiar velocities produce anisotropies in the transverse versus line-of-sight directions in the redshift space. On large scales, the galaxies tend to fall towards concentrations, therefore, the velocity field is coupled to the density field. This generates a systematic effect in the redshift space that can be used to constrain the growth rate of structure. Following this idea, several groups have worked to constrain the parameter combination f σ 8 (z) which is considered to be model independent, where
The indices m, b represent the total matter (excluding neutrinos) and baryons, respectively. The last equality shows the dependence of the growth rate on the interaction between dark sectors, which comes from the fact that cold dark matter no longer evolves in the same way as baryons in an interacting scenario. If the interaction is null, we re-obtain the standard result. The growth rate defined in equation (3.2) actually is a function of the wave number k as well as the redshift, f = f (k, z). We plot the dependence of f with k at a fixed redshift in Fig. 1 . Since matter structures grow on spatial scales much smaller than that of the Hubble horizon (k ≫ H), we can take the subhorizon condition in the calculation of f by fixing k at a large enough value. We can see from Fig. 1 that f (k) is approximately constant for several orders of magnitude from the largest k, a pattern that we can observe in all the redshifts of interest. Therefore, that choice for k seems reasonable. Another feature we learn from Fig. 1 is that f defined in Eq. (3.2), agrees very well with f ≡ [σ
measures the smoothed density-velocity correlation and is defined analogously to σ 8 ≡ σ (dd) 8 . However, for the interacting models, the difference between these two definitions can lead to differences on f σ 8 (z) of the same order or more as the error on the observational measurements reported in Table 2 .
In Fig. 2a we show the evolutions of f for our interacting models. We notice that the growth factor of interacting dark energy models can behave in very different ways as compared to the ΛCDM model. For Model I, the growth factor f can be enhanced at the present moment. While for Model II and IV, the growth factor can be a negative value at the present if the coupling is strong enough.
In order to confront our models to large scale structure observations, in Table 2 we list the available f σ 8 (z) data sets at different redshifts. Note that the measurement of f σ 8 at z = 0.02 [11] is not obtained using RSD observations, but is inferred from the peculiar velocities directly from the distance measurements.
To confront the interacting models to observational data, we need to carry out numerical fitting analysis and we need to set the priors of cosmological parameters as listed in Table The purple line is the best fit for Model II, as described in the sixth column of Table 9 , and the brown line is plotted with the same parameters, but without the interaction. We include the data in Table 2 with corresponding error bars in the right panel.
3. Furthermore, we fix the relativistic number of degrees of freedom to N ef f = 3.046, the total neutrino mass to m ν = 0.06 eV and the spectrum lensing normalization to A L = 1. We also use a big bang nucleosynthesis consistent scenario to predict the primordial helium abundance. Finally, we set the statistical convergence according to the Gelman and Rubin criterion R − 1 = 0.03 [37] . Table 3 : The priors for cosmological parameters considered in the analysis for different interaction models.
Parameters
Prior
Numerical fitting results
In our numerical analysis we explore different combinations of the observational data sets. We first report the results by using only the CMB data sets from Planck 2015 and then combine it with other data sets such as BAO, SNIa and finally test the interacting model with the combination of all of these data together with the H 0 data. In Table 4 we list the best fit and 68% C.L. values for relevant parameters of Model I from different analyses. The 1-D marginalized posterior distribution is shown in Fig. 3a for some parameters of interest, where we also include our previous results in [17] by using Planck 2013 results for better comparison. Figure 4a have some 2-D posterior distributions. From those results, we observe that Planck 2015 data alone produce a little improvement in the constraints, but without any significant difference from our previous results by using Planck 2013 results. However, when we take into account the joint constraints with low redshift measurements, there are some deviations. In particular, the joint analysis with the old data present a preference for a smaller value of Ω c h 2 than employing the current data. The 1σ range for the coupling constant is more consistent from different new data sets compared with that in [17] . In Fig. 3a we see that the interaction parameter λ 2 becomes less negative by using the combined new data sets. In Table 5 we list the best fit and 68% C.L. values for the parameters of Model II. The The joint analyses present some differences between the current results and the old ones reported in [17] . The main difference is that ω = −1 can only be excluded in the 1σ range instead of 2σ as that in [17] .
On the other hand, there is more room for the interaction to be allowed in the model with the most recent data sets. Although we learnt that there are differences in observations between Planck 2013 and Planck 2015, especially at large scales, these differences are not strong enough to improve the constraints on the interaction models I and II. The reason behind is that theoretically at large scales there exists degeneracy between the coupling constant and the equation of state of dark energy in these two models [15, 38] . Near the first acoustic peak, the coupling constant is again degenerate with the dark matter abundance. Small differences between Planck 2015 and 2013 data at low l are not effective enough to break these degeneracies so that the model parameters for Models I and II cannot be constrained much better. Some improvements in the model parameters discussed above can be attributed to the accuracy of the new data. Now we move on to discuss the constraints on Model III, which is presented in Table  6 . The 1-D and 2-D posterior distributions are plotted in Figs. 3c and 4c , respectively. It is clear that the fittings with Planck 2015 data alone present us a much better constraint on the model parameters as shown in Fig. 3c if we compare with the previous analysis by using Planck 2013 results. This is quite obvious in the 1σ range. If we add low redshift measurements, the new constraints for ω have become much closer to −1, but ω = −1 is still excluded in more than 99% C.L.. The interaction has been constrained to a smaller positive value with the new data sets compared with the previous tests. Now we report the fitting results for Model IV with the new data sets. In Table 7 we list detailed information on the constraints of the model parameters. The most significant 1-D and 2-D posterior distributions are plotted in Figs. 3d and 4d , respectively. The improvements on the constraints of the model parameters are similar to Model III. The major difference we observe is that the new data sets allow more room for a nonzero interaction than that obtained by using the old data [17] . In the analysis using Planck 2013 data, the constrained coupling strength for Model III and Model IV are distinct: the posterior peak of λ 1 in Model III is at ∼ 10 −3 , while in Model IV it strongly prefers λ ∼ 0. However, the results in the analysis using Planck 2015 data for these two models become similar. In both models the coupling coefficient peaks appear at ∼ 10 −3 though still the null interactions are not ruled out completely.
For Models III and IV, the physics presented in [16] told us that for these two models the coupling constant can be distinguished from the dark energy equation of state at small l CMB spectrum. This is why we have tighter constraints on the coupling constant in these two models than in Models I and II. Besides, the tight constraint on the coupling constant can also help in turn to break the degeneracy in model parameters and get better constraints on dark energy equation of state and dark matter abundance. With the better quality of the Planck 2015 data sets and their differences from Planck 2013 result, especially at small l, the model parameters in Models III and IV can be better constrained compared with the old results.
In the following discussion, we add new complementary data sets from large scale structure observations, the redshift-space distortions data in Table 2 , to investigate the constraints on interacting dark energy models from the joint analysis of BAO + SNIa + H 0 + RSD 1 , Planck 2015 + RSD and Planck 2015 + BAO + SNIa + H 0 + RSD. The behaviors of the four interacting models confronting to RSD data alone produce results similar to those by employing other low redshift measurements, but with broader uncertainties due to the big error bars in the RSD data observations. Thus it is still premature to use the RSD data alone in constraining the cosmological models. But this does not reduce the importance to include the RSD data as a complementary joint test together with other observational data to examine the cosmological models. In Fig. 2b , we observe that when the interaction is large enough, it can lead to an accelerated growth of structures or even a decrease of the growth at late times for different interacting models. Thus the RSD data are useful to be used to effectively test the interacting dark energy models.
In Table 8 we present the best fit and 68% C.L. limits by combining RSD data to constrain Model I. The 1-D and 2-D posterior distributions are plotted in Figs. 5a and 6a, respectively. For better comparison, we also include the result by using Planck 2015 data again. We see that the constraints from the low redshift measurements are consistent with the CMB measurements but with a narrower posterior for the parameters than the CMB observation. In the discussion above we found that the Planck result adding other measurements can put a preference for a negative interaction for Model I, while including the RSD data we see that the interaction has been excluded with high probability. This effect can be attributed to the fact that the growth factor for Model I can grow at late times, which is actually not observed from RSD data. Similar result was also obtained in [21] . In [39] , a special interaction model with a vacuum energy interacting with dark matter was investigated and it was found that when the interaction is time-dependent and proportional to the energy density of dark energy, the nonzero interaction between dark sectors is still allowed by the RSD data. The joint analysis by combing the RSD data together with the Planck data presents us a strange result, the nonzero interaction is no longer allowed but the mean value of dark energy equation of state tends to ω = −0.7841 in conflict with the ΛCDM result in more than 99% C.L. The inclusion of other measurements can alleviate this tension by allowing the dark energy equation of state closer to ω = −1. To better understand this effect, we plot in Fig. 7 some distributions for RSD alone 2 , together with the distributions from Planck 2015 and Planck + RSD. What we can see is that there is ∼ 1σ tension between the values for Ω c h 2 from RSD and Planck alone, the RSD data preferring higher values. Thus, in the joint analysis, the value of Ω c h 2 is tight constrained to Ω c h 2 ≈ 0.12. On the other hand, the value of σ 8 is tight constrained to σ 8 ≈ 0.76. Thus, looking at Fig. 8a , we can see that those values correspond to the right end of the σ 8 x Ω c h 2 curves, where there is less room for ω close to -1. Figure 8b shows those curves for the Planck + RSD joint analysis, which can be thought as a zoom in Fig. 8a . The constraints for Model II by employing the RSD data are reported in Table 9 and the 1-D and 2-D posterior distributions are shown in Figs. 5b and 6b. We observe that the combination of RSD with Planck data shows a preference for the dark energy equation of state close to −1 but keeps the interaction parameter positive by excluding the null interaction possibility. The joint analysis including all data establishes the best fit value for the coupling λ 2 = 0.01935 with mean λ 2 = 0.02047, and excludes a null interaction in more than 99% C.L.. In a recent paper [19] , the authors also obtained a result consistent with a positive interaction, although they did a different analysis for the RSD data. They used a combination of BAO/RSD data in addition to Planck 2015. The BAO data used in [19] are the same as the BAO data sets in this work and the RSD data were taken from [40] . The positive interaction is interesting to us, since it can help alleviate the coincidence problem as there is longer time for the energy densities of dark matter and dark energy to be comparable. Therefore, Model II arises as a possible candidate to solve the coincidence problem in light of the new complementary RSD data.
Unlike Models I and II, the interaction Models III and IV have not been tested with the RSD data in the available references. Here we are going to investigate the Models III and IV by confronting to RSD data sets and other external measurements. In Tables 10 and 11 ω = −1. Therefore, the joint analyses lead to an equation of state for dark energy close to minus one, but still exclude it in more than 99% C.L. limit. There are rooms for small positive interaction in those models, although one order of magnitude smaller than the value obtained for Model II. Unlike Model II, the zero interaction cannot be clearly ruled out from the available data fitting.
It is worth to mention here another result observed in Tables 4-11 . Apart from Model I, where the constraints from Planck alone are large enough, the constrained values of H 0 and σ 8 using Planck data alone are significantly higher than that using any other data set at low redshift. This indicates that there is a tension between the constrained H 0 and σ 8 from Planck and by using low redshift measurements in the interacting dark energy scenario. This tension also exists in the equation of state of DE as was reported in the above discussion. 
Conclusions
Dark energy and dark matter occupy the largest parts of energy contents of the universe. It is natural to consider the interaction between them. In this work we confront the commonly studied phenomenological interactions between dark energy and dark matter to complementary updated observational data sets. We find that although the Planck 2015 data sets have been improved compared with Planck 2013 results, its constraints on Models I and II are not sufficiently improved. This probably is due to the degeneracies in theoretical model parameters. With the Planck 2015 measurements, the constraints on the model parameters for Model III and IV can be clearly improved. Some differences in the fitting results compared with [17] have been observed, especially for Model III and IV when employing the combination of data sets from the low redshift measurements and Planck 2015 results. Including the RSD observational data and combing it with other data sets is very interesting. We can rule out the Model I since the previous negative interaction becomes basically negligible when the RSD data are considered. Furthermore for Model II, we are sure that a positive interaction always exists which can contribute to alleviate the coincidence problem. For Model III and IV, although the coupling can be small positive, we are still not confident to rule out the null interaction possibility. However the interesting thing in these two models is that we can argue that the dark energy cannot be cosmological constant there. These interesting results can be attributed to the complementary RSD data we have included in the analyses. We expect that future more precise RSD data can help us to draw more solid conclusions on examining the theoretical models.
In conclusion, with the newly released complementary data sets, we show that the coupled dark energy and dark matter models are viable options to describe the current universe. Moreover these models can help to solve the coincidence problem that the so called concordance ΛCDM model is suffering. Further examining the interaction between dark energy and dark matter can help us understand better on the nature of dark sectors of the universe.
